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The object of this paper  is to present data  concerning the ionic 
transference numbers, or the relative ionic mobilities, for some univa- 
lent chlorides in aqueous solution within  a  cellophane membrane as 
determined  by  means  of  "concentration  chains."  Originally  this 
investigation was intended to furnish "mobility" ratios for insertion 
in formulas predicting the effects of interdiffusion upon ionic distribu- 
tion  ("diffusion effect"  cf.  (1)).  The  results,  however, offer  some 
additional evidence on the subject of the permeability of membranes, 
which is of biological interest. 
Although the influence of membranes upon diffusion has been men- 
tioned by many earlier workers, a  systematic investigation on this 
subject was first started by Michaelis and his collaborators about 1925 
(2), and later, from somewhat different viewpoints, by Manegold (3) 
and others.  As far as electrolytes are concerned, the results of these 
authors indicate that (porous) membranes exert, in general, a decided 
influence upon the diffusivity of the ions, attributed, particularly by 
Michaelis, mainly to the "pore"  size  and the "charge" of the pore 
walls within the membrane. 
Fujita  (4)  reported a series of mobility relations obtained  by  us- 
ing  parchment.  These  results  were obtained in a  fashion that can 
give only a  semiquantitative  effect.  No  good data  seem, however, 
to have been published for cellophane, which is a more convenient and 
reproducible material for diffusion experiments. 
Principle and Procedure 
The method employed here is,  in principle, identical with the one 
used by Michaelis (2 a), and outlined in textbooks of electrochemistry 
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(of. for instance, Lewis (5)).  It consists in measuring the total poten- 
tial, E, of a "concentration chain with transference," 
Electrode I Solution 1  :  Solution 2 I Electrode 
I  (c,)  (c2)  J 
El  ~2 
~r 
The solutions  contain  only  the single electrolyte  under investigation 
in the concentrations  C1 and C=.  The total  E.~r.]~. of a  chain of this 
type  is 
E =  (,, -  ,,) +  ¢  (1) 
where  ~1  and  ,3  denote  the  potentials  at  the  measuring  electrodes 
employed and ~r is the "liquid junction" or "diffusion"  potential. 
1.  Calomel Electrodes.--Hg/Hg,Cl~,  KCI,  were used  by  Michaelis 
et al.  Due to the symmetrical setup and the generally accepted as- 
sumption that a high concentration of KC1 abolishes any extra liquid 
junction potentials, the term (~1  -- ~,) in Equation 1 is considered to 
vanish.  In other words,  the total ~..~r.F. is essentially equal to the 
liquid junction potential, which, for this case, according to Nernst (6) 
is in raillivolts 
U  V 
E  =  lr =  n+  n___ _.0.1983  T.log--Ct  u +  v  C2  (2) 
where u  and v are  the mobilities of cations and anions respectively, 
n+ and n_ the valency of these ions, and T  is the absolute tempera- 
ture.  Confining the  treatment  to uni-univalent strong electrolytes, 
considering the activity correction (3' being the mean activity coeffi- 
cient),  and  introducing  the  transference number,  t +,  of  the  cation 
u 
t+  =  ~  (3)  uq-~ 
we may write  Equation  2  as 
t+  1[  E  )I  (2a)  calom. --" ~  1 -I- 0.1983  T. log (CrxdC2"x, 
which is the formula for determining the cation transference number using 
calomel electrodes.  The values of to:,om, and the mobilities thus calcu- 
lated are valid for the finite concentration interval measured in the 
cell and  correspond to  some concentration intermediate between C~ TORSTEN TEORELL  919 
and C~.  A more thorough examination of this formula will be given 
in the "Discussion" below. 
2.  Electrodes  reversible  in  regard ¢o one  of the  ionic  constituents  of 
the solution (for instance, the Ag/AgC1 electrode when dealing with 
chlorides)  should be  more  satisfactory  than  the  calomel electrode, 
bemuse no "extra" liquid junction potentials are present.  In spite 
of the numerous statements in the literature that  a  "KCl-bridge" 
abolishes these potentials, the use of it is not theoretically justified as 
yet.  Furthermore there is evidence that, in acid solutions in particu- 
lar, extra x.M.~.'s still appear (cf. Bjerrum (7)) of an order which has 
an appreciable effect upon the computed value of t +, sensitive as t + is 
from changes in E as can be read off from Equation 2a.  It is true, that 
the use of, say, silver chloride electrodes introduces a finite value for 
the term (~1  -- ~2) in Equation 1.  It does not matter, however, be- 
cause the final formula to employ for such a  case, Equation 4, will 
contain the same variables as in the calomel electrode case, Equation 
2a. 
The "electrode potential" (~i -- ~) of a chain of the type 
Ag;  Age1 I Chloride sol.  :  Chloride  sol. ,] AgC1;  Ag 
(C3  (C,) 
Ir 
is, as is well known, equal to 0.1983  T.log CI'n/C~.I,.  Adding the 
liquid junction potential, 7r, from Equation 2 and again introducing 
the transference number, leads to 
t  +  (4)  AgCl =  2 • 0.1983 • T. log (C171/C~'2) 
This formula may serve for approximate determination of transference 
numbers using, say, silver chloride  electrodes (cf. in this connection the 
paper by  Brown and  MacInnes  (8)).  Some further considerations 
concerning Equation 4 will be deferred to the "Discussion." 
The experimental setup was as follows:  On the opposite sides of a  cellophane 
membrane aqueous  solutions  of either  HCI,  KC1,  NH4C1,  NaC1,  or LiC1 were 
placed, the concentrations  being C1 and  C~: 
Large volume  ~  C1  I  C~  ~  Large volume 
(pump)  Cello-  (pump) 
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C1 and (72 were maintained constant by continuous renewal from large volumes 
(1000 cc.) and kept homogeneous up to the membrane surface by efficient stirring. 
The apparatus employed was the one described elsewhere (17).  The electrodes 
were inserted in the "chambers" (of about 30 cc. capacity to which "pumps" lead) 
surrounding the membrane.  This was "Cellophane 600" and had a  thickness in 
wet condition of 0.09 ram., its surface covered with solution was about 14 to 15 sq. 
can., and it showed an average diffusion coefficient  1 for 0.1 to 0.01 N HC1 diffusing 
against a large volume of 1-I20 of 0.323  in this setup. 
The Electrodes.--The calomel electrodes were of the type sketched in Fig. 1, hav- 
ing its compact shape in order to allow convenient handling in the apparatus re- 
ferred to.  During the measurement the stop-cock e is open, allowing a very slow 
flow of saturated KCI through the dense sintered glass plug, i, thus producing a 
kind of "flowing junction."  It gives very reproducible values.  The danger of 
significant contamination with KC1 of the solutions into which the electrodes dip 
is negligible, provided the plugs are dense enough. 
The silver chloride electrodes were made strictly according to Brown (9).  The 
different electrodes matched within less than  1 my.  Tested in a  concentration 
chain of KCI, over a  range of concentrations extending from 0.1  1~ to 0.001  N, 
using a saturated KC1 agar "bridge," the electrodes used showed a  straight line 
when  plotting log  (activity) against E.~.F.  The  slope was  58.1  Inv.  at  22.2 ° 
(calculated 58.5 my.). 
The E.~.I~. was measured by means of a vacuum  tube voltmetel  a  with a  con- 
stant  "zero."  The instrument was used as a  direct reading voltmeter using a 
Leeds and Northrup wall galvanometer Type P  with lamp and scale.  The setup 
had a sensitivity of 5 rnm. per millivolt.  This arrangement draws an extremely 
small amount  of current from the  "chain" and could be connected in a  closed 
circuit all the time, thus offering a  convenient method of continuous potential 
control.  By  means  of a  D.P.D.T.  switch  the  calomel  electrode pair and the 
AgCI electrode pair could be coupled in series with the voltmeter in rapid suc- 
cession. 
The  measurements  with  each  particular electrolyte started  with  the  same 
concentration on both sides.  Any potential showing up under this condition was 
regarded as an "asymmetry potential" of the chain and was used as 'q~lank value" 
being subtracted from the subsequent readings.  The asymmetry was at maximum 
2 and 0.5 Inv. for the calomel and AgCI electrodes respectively. 
1  The diffusion coefficient, k, is defined by 
k 
C, =  Co.e-; 
Co  ffi initial concentration; C,, the concentration after I minutes; r, the volume of 
HC1 in cubic centimeters; e =  2.71. 
~The writer is indebted to Dr. S. E. Hill for the design of this "push pull" vacuum 
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Approximately half the volume of the solution (ca.  500 cc.) on one side was 
then removed and replaced by an  equal  amount of H20.  After 6 to 7 minutes 
the mixing and diffusion had reached a  steady state as indicated by the ~.M.F. 
which,  after  that  period,  had  approached  a  practically  constant  value.  This 
~..M.~. was recorded and samples were taken for analyses.  A new half part of the 
e  __y 
100 ~. 
Fig. 1.  Compact type of calomel electrode,  a, saturated KC1; b, Hg2Cls in 
saturated KC1 +  3 per cent agar-agar; c, mercury; d, platinum wire; ¢, stop-cock; 
f, rubber stopper; g, lead to instrument (Cu wire); i, porous plug of sintered glass. 
solution was replaced by water, etc., the procedure being repeated until a dilution 
of about 1:16 had been measured. 
The E.~,.F. measurements are regarded accurate to 4-0.2 my., the concentration 
figures (obtained by electrometric titration of C1 with AgNOs) have a mean error 
of less than 1 per cent. 922  :mANSl~EI~NCE  NUMBERS  IN  CELLOPHANE  MEMBRANES 
TABLES  I--V 
Apparent Cation Transferenee Number in Cellophane 
1  2  3 
Conc. C~  Activity 
7t  C~ X 7: 
~x./l 
4  5  6  7 
Ecalom. 
I= ~'calom.) 
my. 
8  9 
Differ-  ~. 
@rice  6 -  7  (AgCl) 
I.  HCI (Temp. 23.0  °) 
C1:98.4  0.801  78.7  0  [  ~  --  0  -- 
50.8  0.835  42.4  +27.11  +15.7  +11.4  +12.0  --0.6  0.865 
26.5  0.86s  23.0  53.5[  31.3  22.2  23.7  -- 1.5  0.856 
14.3  0.896  12.8  80.21  46.2  34.0  34.3  -0.3  0.867 
8.3  0.916  7.6  102.1J  59.5  42.6  43.8  -1.2  0.859 
II. LiC1 (Temp. 24.2 °) 
C1:96.7  0.780  75.4  0  [  --  --  0  -- 
50.6  0.820  41.5  +12.1]  +15.2  --3.1  --3.4  +0.3  0.398 
25.7  0.858  22.1  25.6[  31.4  --5.8  --5.1  --0.7  0.407 
13.8  0.88,  12.3  39.4  46.5  --7.1  --6.3  --0.8  0.424 
7.43  0.914  6.81  52.2  61.7  --9.5  --7.5  --2.0  0.422 
III.  NaCl (Temp. 24.0 °) 
C1:96.0  0.780  74.8  +10.54  --  --  0  --  -- 
49.9  0.82x  41.0  +15.4  --0.9  --0.6  -0.3  0.471 
26.0  0.857  22.3  29.6[  30.9  --1.3  --0.5  --0.8  0.479 
13.8  0.88,  12.3  45.4  46.3  -0.9  --0.7  --0.2  0.491 
7.61  0.91a  6.95  60.3  60.9  --0.6  --0.5  --0.1  0.495 
IV.  KC1 (Temp. 24.0 °) 
C1:100.0  0.76~  76.2  0  [  --  --  0  -- 
51.2  0.80s  41.4  +17.2]  +15.6  +1.6  +1.5  +0.1  0.551 
26.8  0.84,  22.8  35.0[  30.8  4.2  4.5  --0.3  0.569 
14.7  0.881  12.9  52.0[  45.4  6.6  8.0  --1.4  0.573 
8.16  0.90s  7.41  68.7~  59.6  9.1  10.9  --1.8  0.575 
V.  Ntt4CI (Temp. 22.2 °) 
6"1:98.3 
51.4 
26.6 
13.9 
7.67 
4.75 
0.762 
O. 80s 
0.84s 
O. 884 
0.911 
0.92a 
74.7 
41.6 
22.5 
12.3 
7.0 
4.41 
o I  +17.1  +14.9 
35.0[  30.5 
52.61  45.7 
69.3  60.2 
83.5  71.9 
+2.2 
4.5 
6.9 
9.1 
11.6 
0 
+1.8 
4.7 
7.1 
10.8 
13.1 
+0.4 
--0.2 
--0.2 
--1.7 
--1.5 
0.574 
0.574 
0.574 
0.574 
0.581 
CI"Yl 
*  == 0.1983  T.log C27~" TORSTEN  TEORELL  923 
RESULTS 
The figures obtained for the cellophane transference numbers of the 
cations in different chloride solutions over the concentration range 0.1 
to about 0.007  M are recorded in the last column of Tables I  to V. 
Only the t + values as computed from Equation 4, using AgC1 elec- 
trodes,  are  given, however, because the corresponding figures com- 
puted for the "calomel" case according to Equation 2a would probably 
be approximately the same.  As is indicated in Column 8, the "mem- 
brane potentials" as measured with calomel electrodes (Column 7) are 
almost consistently slightly more positive than those computed from 
AgC1 measurements (Column 6).  The main source of this difference 
TABLE  VI 
Summary of Determined Transference Numbers and Mobility Ratios in Cellophane 
and a Comparison with Corresponding Figures in Free Water 
Substance 
HC1 
NI~C1 
KCI 
NaC1 
LiCI 
Tempex 
ature 
23.0 
22.2 
24.0 
24.0 
24.2 
(cenophane) 
0.853 4. 0.005 
0.575 4. 0.002 
0.567 4- 0.008 
0.484 4- 0.009 
0.413 4- 0.010 
(£0)*  u'/v'  (cellophane) 
0.8281 6.24  4.  0.25 
0.4911 1.35 -4-0.01 
o.49o I  1.31  4. 0.04 
0.3881  0.940 4- 0.034 
0.323[  0.704 4- 0.03o 
__(HtO)*  I  u'/~':u/l 
4.81  ]  1.304-0.05 
0.9651  1.40 4- 0.01 
0.9611  1.36 4- 0.05 
0.5341  1.48 4- 0.05 
0.477]  1.47 -4- 0.07 
* Calculated as the mean of accurate figures given for  0.1  N and 0.01 ~  solu- 
tions by Longsworth (12). 
seems to be the fact that the stirring affects the "calomel potentials" 
far more than the "AgC1 potentials."  When the stirring was stopped 
the former became around 2 my., the latter only about 0.2 inv. more 
negative.  Correction  of  E~alom. for  the  "stirring  effect"  with  ca. 
--0.8  my. would improve the agreement. 
The (mean) activity figures employed in the tables are interpolated 
from data given by Harned (10) and Scatchard (11). 
The t + values at the different concentration differences agree fairly 
well with each other and are constant within the l{mits of experimental 
error.  In spite of the weak trend that can be observed and the fact 
that t + should theoretically vary with the concentration, the ~+ figures 
are averaged and summarized in Table VI.  In the same table  the 924  TRANSFERENCE  NUMBERS IN  CELLOPHANE MEMBRANES 
ratio  "apparent  cation  mobility:  apparent anion mobility" is given 
(calculated from Equation 3).  The  ±  terms  indicate  the  average 
errors.  For  comparison  corresponding figures for "free"  water  sol- 
utions are tabulated. 
Table  VI  shows  that  the  apparent  cation  transference  number  in 
cellophane is higher for all  electrolytes here tested  than it is in free 
water.  Hence the (apparenO mobility ratio between cation and anion is 
also increased in the cellophane to the same extent (about 40 per cent for 
all cases). 
DISCUSSION 
The ionic transference numbers and relative ionic mobilities within a 
membrane determined and calculated as described above may have no 
actual physical meaning for many reasons, some of which have already 
been stressed by Michaelis et al.  (2a)  for the case of "dried collodion 
membrane."  It  seems desirable  to  emphasize certain  of the points 
involved: 
A  glance  at  Equation  4  a  shows  that  the  transference number is 
determined from one measured quantity, the total E.M.F. of the concen- 
tration chain, and from one computed quantity including the product, 
concentration >  activity coefficient =  activity. 
(A)  In the first place,  in our Equation 4, we assume that there are 
only the three potential "jumps," El, ~s, and 7r (cf. Equation i and p. 918), 
which make up the total E.~t.F.  This assumption is somewhat doubt- 
ful when using a membrane like cellophane.  Here the diffusion of the 
ionic constituents takes place in the presence of the electrically "polar" 
cellulose; one may consider the cellulose as a  system of very narrow 
capillaries or as another "phase." 
It may be possible that two extra potential jumps can exist, forming 
a  "boundary"  potential  at  each  surface  of  the  membrane.  This 
possibility is not considered in the derivation of Equation 4. 
(B)  Furthermore,  we  have  to  expect  that  either  the  capillary 
dimensions, or the change of phase, as the case may be, can influence 
the thermodynamic activity of both the solvent and the solutes in the 
membrane.  It is well known that the vapor pressure is different in the 
a Michaelis et al  (2b) used with their procedure an equation corresponding to 
Equation 2a. TORSTEN  TEORELL  925 
capillaries, etc., and the phase change may introduce changes in the 
dielectric constant, etc.  Accordingly the procedure used, i.e. employ- 
ing the activity as calculated for the bulk of the solution surrounding 
the membrane, may not be justified. 
(C)  As  to  the  electrical effects exhibited by  the membrane the 
following may be said. 
Besides the possibility already mentioned of the appearance of two 
boundary  potentials  (recently  discussed  by  Wilbrandt  (13))  the 
"charge" of the membrane may have influence upon the ionic migra- 
tion.  According to Michaelis' earlier ideas the charge was due to 
"adsorption" of ions.  This view has been modified by Wilbrandt who 
attributes the charge to the effects of presence of polar groups in the 
membrane substance.  Both authors seem inclined to think that the 
"mobility" of the ions can be greatly changed within a  membrane. 
Their interpretation of the term mobility is not clearly defined, but 
evidently  they  mean  "apparent  rate  of  penetration."  We  will, 
however, use mobility in the sense as being an inverse function of the 
friction, as is the significance of the u and v in the diffusion equations, 
for instance Equation 2. 
The ideas of Michaelis et al. regarding the repulsive or attractive 
action of the membrane charge upon ionic transport are of a purely 
qualitative nature.  It seems, however, that a more quantitative and 
unitary treatment of the whole subject might be arrived at,  if we 
regard the penetration of ions across a membrane as being a case of 
diffusion in an electrolyte mixture.  Hitherto, only the concepts valid 
for single  electrolyte diffusion have been applied, indicated, for in- 
stance, by the use of the simple Nernst formula, Equation 2.  This 
can hardly be fully justified just because of the fact that the membrane 
may exert electrical forces.  The membrane effect can, as a first ap- 
proximation, be expressed as that of an added electrolyte affecting the 
diffusion of other electrolytes (those under investigation).  For this 
more complicated case, Equation 2 is invalid.  The treatment of the 
problem ought instead to be the same as that given long ago for the 
mutual effects in cases of diffusion in electrolyte mixtures by Pianck 
(14), Arrhenius (15),  Henderson (16),  and many others.  For these 
theories it is immaterial what sources the charges of the solutes have. 
Accordingly the effects predictable from these concepts would be  of 926  TRANSI~ERENCE  ND'M~ERS  IN CELLOPHANE  ~[EM38RANES 
a perfectly general nature and not limited to  simple  cases  of  free 
ionic diffusion. 
A fuller presentation of membrane permeability analyzed from the 
viewpoint of "forced" diffusion of mixtures has to be postponed to a 
separate communication.  It can be said, however, that the present 
preliminary calculations, taking into account an electrolyte behavior 
of the membrane, show the possibility that Lhe total membrane potential 
may be increased or decreased with the real ionic mobilities of the diffusing 
substance remaining the same as in free  water.*  From the discussion 
above it can be concluded that the computation of the "transference 
number" from the total E.M.F., as has been outlined on pp. 918 and 
919, may be misleading  because too simple a formula has been applied 
in the derivations; i.e., Equation 2. 
It is felt, however, that the transference number data obtained here 
can be used at least for approximate calculations of the relative ionic 
,nobilities within cellophane, provided they are applied to cases having 
concentration figures of the same magnitude as those employed in the 
present experiments; i.e., 0.1 to 0.01 normal. 
SUI~'~RY 
The  "apparent"  cation transference number within cellophane is 
determined for HC1, KC1, NH,  C1, NaC1, and LiC1. 
The method consists in measuring the ~..M.~. in  a  concentration 
chain employing Ag:AgC1 electrodes or calomel electrodes and calcu- 
lating  from  formulas  derived  for  cases  of  simple,  unconstrained 
diffusion. 
The transference numbers and the cation mobilities relative to the 
chloride ion were found to be higher in the cellophane (relative cation 
mobilities increased about 40 per cent). 
The effect of the membrane is discussed.  It is emphasized that with 
the introduction of a membrane as a liquid junction new factors are 
introduced, which are not considered in the formulas ordinarily used. 
Such factors may be  activity changes due to dimensional or other 
reasons and particularly electrical effects exhibited by the membrane 
*A simplified theory is given by the writer (18). TORSTEN TEORELL  927 
upon  the  ionic  diffusion.  Accordingly  the  transference  number,  as 
determined, may lack well defined physical significance. 
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